Background: We have reported recently that microarchitectural analysis of the histologically normal mucosa using a novel optics technology, four-dimensional elastic light scattering fingerprinting (ELF), provided unprecedented sensitivity for early detection of colon carcinogenesis. In the present study, we explored the ability of four-dimensional ELF to identify an inherited predisposition to colorectal cancer, an issue of considerable importance for optimizing population screening strategies. Methods: We used the MIN mouse, a model whose germ line adenomatous polyposis coli truncation leads to spontaneous intestinal tumorigenesis, thus replicating the human syndrome, familial adenomatous polyposis. Spectral markers were assessed by four-dimensional ELF analysis in MIN mice at preneoplastic time points and compared with agematched controls (C57BL6 mice with wild-type adenomatous polyposis coli). To assess the responsiveness of spectral markers to chemopreventive agents, a subset of MIN mice was supplemented with celecoxib 1,500 ppm.
Introduction
Colorectal cancer remains the second leading cause of cancer death in the United States, estimated to result in 56,290 fatalities in 2005 (1) . Colorectal cancer deaths are eminently preventable through colonoscopic screening (2) . However, due to resource availability, cost, patient reluctance, and potential complications, only a small fraction of the population undergoes the ''gold standard'' procedure for colon cancer prevention. Targeting patients at increased risk of colorectal cancer for colonoscopy is crucial for maximizing benefits and minimizing risk/costs. An inherited predilection is one of the most important risk factors, implicated in 20% to 30% of all colorectal cancers (3) . This familial predisposition to colorectal cancer encompasses a wide spectrum of phenotypic consequences ranging from low-penetrance polymorphisms, which engender a 1.5-to 3-fold increased risk [e.g., adenomatous polyposis coli (APC) I1307K], to autosomal dominant syndromes that place patients at extraordinarily high risk for colorectal cancer, such as familial adenomatous polyposis (FAP) or hereditary nonpolyposis colorectal cancer (3) .
Although there has been considerable progress in understanding the genetic susceptibility to colorectal cancer, the current clinical state-of-the-art is suboptimal. Although patients are accurate regarding their family history (4) , determination of the members of the kindred who have actually acquired the colorectal cancer risk remains challenging because of the unclear genetic basis for the vast majority of cases. Moreover, even when genetic testing is available, the phenotypic heterogeneity complicates the choice of optimal colorectal cancer prevention strategies (5) .
Analyzing the colonic mucosa is a powerful means of ascertaining the colorectal cancer risk. Indeed, by exploiting the ''field effect'' of colon carcinogenesis, one can potentially obtain a global overview of future neoplastic risk by evaluating the distal colon. Several lines of evidence suggest that analyzing the uninvolved colonic epithelium may allow estimation of risk before occurrence of phenotype (adenomas or carcinomas). For instance, colonocyte proliferation rate is markedly augmented in nonneoplastic rectal mucosa from both FAP patients and sporadic patients who harbor adenomas (6, 7) . Apoptosis assays in the distal colon have also been shown to predict concurrent colonic neoplasia (8) . In the histologically normal intestinal mucosa of the MIN (multiple intestinal neoplasia) mouse (the murine equivalent of FAP), there is dramatic up-regulation of several proto-oncogenes that preceded macroscopic neoplasia development (9) . However, assaying these cellular and genetic markers is imprecise and cumbersome and therefore impractical for clinical utilization. Cellular microarchitecture may represent an exquisitely sensitive modality to reflect the genetic/environmental milieu during early carcinogenesis; however, the methodologic barriers have stymied utilization for screening (10) .
We, in collaboration with others, have pioneered the use of light scattering spectroscopy to noninvasively analyze nuclear size and chromatin texture to diagnose dysplasia in general and specifically in the colon (11, 12) . However, this first generation technology was unable to harness the full spectrum of information regarding the size, shape, internal organization of cell microarchitecture, and relationship to surrounding intracellular milieu that are encoded in light scattering signals.
To overcome these limitations, we developed four-dimensional elastic light scattering fingerprinting (ELF), which assesses a wide spectrum of light scattering variables, including wavelength of light, scattering angle, azimuthal angle, and polarization of scattered light (13) . Four-dimensional ELF is a novel light scattering technology that gives unprecedented quantitative information about tissue structures ranging in size from tens of nanometers to micron range (i.e., macromolecular complexes to organelles). We have shown recently that microarchitectural alterations ascertained by four-dimensional ELF had remarkable sensitivity for the earliest events (before aberrant crypt foci formation) in colon carcinogenesis using the azoxymethane-treated rat model (14) . In the present study, we used four-dimensional ELF to assess spectral markers in the preneoplastic MIN mouse mucosa as a means of identifying a genetic predisposition for intestinal tumorigenesis (i.e., mutation in the APC gene). We confirm carcinogenic relevance of these spectral markers by demonstrating both temporal and spatial correlations with future neoplasia as well as reversal with the potent chemopreventive agent celecoxib.
Materials and Methods
Animals. All animal studies were done in accordance with the Institutional Animal Care and Use Committee of EvanstonNorthwestern Healthcare (Evanston, IL). Twenty male MIN mice and 20 controls (C57BL6) mice were obtained (The Jackson Laboratory, Bar Harbor, ME) at ages 5 to 6 weeks. Animals were randomized to either AIN 76a diet alone (Teklad Labs, Indianapolis, IN) or the one supplemented with celecoxib 1,500 ppm. After being euthanized, the small intestine and colon were removed, longitudinally opened, washed with PBS, and examined under magnification for tumors.
Four-Dimensional ELF Analysis. We reported previously the development of four-dimensional ELF instrument to measure the most comprehensive light scattering data from living tissues recorded to date (13) (14) (15) . Briefly, in this instrument, a series of points on a sample surface are illuminated by a collimated linearly polarized broadband light from a Xe-lamp. Tissue structures, ranging in size from nanometers to tens of microns, scatter the incident light. A portion of the scattered light escapes the tissue and is collected by the instrument. A Fourier lens positioned in the collection arm of the instrument projects the angular distribution of the light backscattered from the tissue onto the slit of a spectrometer, which further diverts this light now in the direction perpendicular to the slit depending on its spectral composition. The resulting twodimensional image, wavelength k (400-700 nm) versus scattering angle u (À7j to 7j), is projected onto a charge coupled device (Roper Scientific, Trenton, NJ) for a given azimuth of scattering u, which can be varied by rotating a polarizer in the delivery arm of the system. The instrument also measures two independent polarization components p of the scattered light: one polarized along, I k , and orthogonally, I ? , to the incident polarization. Such four-dimensional data (k,u,u, p) provide comprehensive information about the light scattering and can serve as extremely sensitive ''fingerprints'' of the specimen microarchitecture. Furthermore, the differential polarization signal DI(k) = I k (k) À I ? (k) is particularly sensitive to the superficial tissue (<50 Am; e.g., mucosa). Signals I k , I k + I ? , and I ? I ? contain information about progressively deeper tissues.
As discussed above, in each four-dimensional ELF measurement, we obtained light scattering data from f2 mm 2 mouse intestinal mucosa. From each tissue site, three readings were taken to ensure the consistency of the data. For each animal, four-dimensional ELF data were recorded from >20 different tissue sites that were predetermined to uniformly span the surface of the distal small bowel and colon. The operators performing the four-dimensional ELF analysis were unaware of the genotype of the mouse. We predetermined the spectral markers to be assessed based on our previous studies.
Spectral Markers. To quantitate the microarchitecture, we assayed a variety of previously validated variables: spectral slope, fractal dimension, and principal components obtained via principal component analysis (PCA). These variables span the microarchitectural spectrum and thus are complimentary in the characterization of nanoscale organization of the epithelium.
To characterize the spectral variations of DI(k), we obtained linear fits to DI(k) using logistic regression. We showed that the absolute value of the linear coefficient of the fit, which is called the ''spectral slope,'' may serve as an easily measurable marker to characterize the size distribution of structures within cells (14) . This marker is particularly sensitive to the tissue structures ranging in size between 40 and 800 nm, which reflects tissue architecture from the size of macromolecular complexes to organelles (14) .
Tissue organization at scales exceeding f1 Am can be assessed by another marker that can be obtained from light scattering data, the fractal dimension (13, 16) . Fractal dimension can be estimated from the angular distribution of the scattered light DI(u,k = constant) for a wavelength fixed at the center of our wavelength range (k = 550 nm; although the choice of the wavelength is not critical, the exact range of sizes for which the fractal properties are estimated may vary depending on the wavelength). DI(u) was Fourier transformed to yield the two-point mass density correlation function C(r) = <q(r)q(rV + r)>, where q(r) is a local mass density at point r (13, 14, 16). We found that for all tissue sites, C(r) followed a power law dependence on r for 1 Am < r < 50 Am, C(r) / r D À 3 , where D is conventionally called fractal dimension. Thus, we obtained D from the linear slopes of C(r) in the linear regions of log-log scale.
Because of the complexity of light scattering data, not all features of ELF can be associated with specific physical properties of tissue. To gain further insights into the properties of ELF data, we also used PCA as one of the tools for characterizing light scattering data. PCA is a standard data reduction procedure for assessing underlying structure in a data set. In PCA, the light scattering spectra were averaged over scattering angles from À5j to 5j. Each spectrum was preprocessed by mean scaling. A data matrix was created where each row of the matrix contained the preprocessed spectrum measurement and each column contained the preprocessed scattering intensity at each wavelength. The scores of all principal components were calculated using Matlab statistics toolbox software version 6.5 (The Mathworks, Inc., Natick, MA). Before investigating principal components as spectral markers of neoplasia, we first determined which principal components were of interest. Typically, in PCA, the first few principal components are responsible for most of the signal variation and the significance of higher-order principal components is minimal. We found that, in our data, principal components 1 to 3 accounted for f99% of the data variance, which justifies the use of these principal components to characterize the light scattering fingerprint data.
Results
We investigated the ability of light scattering signatures obtained from four-dimensional ELF data to detect a genetic predisposition to intestinal tumorigenesis by using the MIN mouse model. The MIN mouse is a well-validated model that spontaneously develops intestinal adenomas as a consequence of a germ line mutation in the APC tumor suppressor gene. We compared the light scattering signatures obtained from the MIN mice with age-matched C57BL mice that differed only in that they were wild-type (WT) at the APC locus. In the MIN mouse, >90% of intestinal adenomas occur in the small bowel and tumors occur in a well-established chronology, with no tumors noted in our study that exclusively focused on these early time points.
Light Scattering Fingerprints. Four-dimensional ELF data obtained from each point on a tissue surface have four dimensions of wavelength (k), scattering angle (u), azimuth of scattering (u), and polarization of scattered light. The light scattering ''fingerprints'' provide the most comprehensive representation of the information from light scattering, reflecting the size, structure, and associated milieu of the scattering objects. Given the large amount of data encompassed by these ''fingerprints,'' this provides an extraordinarily sensitive albeit qualitative means of detecting alterations in microarchitectural changes in tissue architecture. Figure 1 shows representative light scattering fingerprints from intestinal epithelium recorded from a MIN mouse at a preadenomatous stage (5-6 weeks old) and an age-matched control C57BL6 mouse. The light scattering fingerprints obtained from the distal small bowels of MIN and control mice revealed dramatic qualitative differences as indicated by changes in backscatter intensity (different colors) in the small intestine but not the colon. This finding accurately reflects the future occurrence of neoplasia in this model in that >90% of adenomas are located in the small bowel with minimal tumorigenesis in the colon (17, 18) . Indeed, these data suggest that light scattering abnormalities predict a genetic substrate to neoplastic transformation before occurrence of neoplasia.
We identified several light scattering markers statistically highly significant for early neoplastic changes in MIN mice and follow the temporal progression of intestinal tumorigenesis. We focused on the analysis of the light scattering fingerprint data in two dimensions: wavelength and scattering angle. To quantitate the light scattering and microarchitectural changes, we evaluated spectral markers that we discovered previously in the azoxymethane-treated rat model of experimental colorectal cancer. Specifically, we assayed three spectral markers: spectral slope (evaluating sizes from macromolecules to organelles), fractal dimension (measuring large organelles to groups of cells), and principal component 3. These variables are complimentary in characterization of tissue microarchitectural changes.
Spectral Slope. As discussed in Materials and Methods, the spectral slope is a variable that evaluates size distribution of particles ranging from macromolecules to organelles. Spectral behavior of differential polarization signal DI(k) depends on the size distribution of scattering structures. Generally, DI(k) is a declining function of wavelength and its steepness is related to the relative portion of structures of different sizes. Spectral slope is defined as the linear coefficient of the linear fit to DI(k). Typically, larger structures (f1 Am) tend to reduce the steepness of the decline of DI(k) (i.e., small spectral slope), whereas smaller scatters with sizes much smaller than 1 Am tend to make DI(k) decrease with wavelength steeper (i.e., large spectral slope; ref. 14) . Figure 2 shows the change of the spectral slope in the intestinal mucosa of 6-, 7-, and 8-week-old MIN and agematched control mice. The spectral slope is dramatically decreased as early as in 6-week-old MIN mice compared with the controls (P < 0.05) and continued to decrease at later time points (ANOVA P = 0.00004). The progressive change in the spectral slope is consonant with the microarchitectural underpinnings of subsequent tumorigenesis.
We point out that our spectral data have been recorded at time points (i.e., 6-to 8-week-old mice) before the development Figure 1 . Representative four-dimensional ELF fingerprints from MIN or WT C57BL6 mice WT at the APC locus at a preneoplastic (6-weekold) time point. The color represents intensity of backscattering light. X axis, wavelength of the backscattering light; Y axis, backscattering angle. As shown, before the occurrence of tumors, the distal small bowel of the MIN mice had dramatically different light scattering fingerprints compared with WT animals. However, in the colon, where future neoplasia is minimal in this model, the MIN and WT ''fingerprints'' were quite similar.
Cancer Epidemiology, Biomarkers & Prevention 1641 of adenomas to avoid confounding effects of inadvertently assessing dysplastic tissue. As shown previously by several groups, in MIN mice, adenomas do not develop until much later, approximately at ages 10 to 12 weeks. This finding was also confirmed in our studies. Indeed, at ages 7 to 8 weeks, inspection of the intestine under magnification failed to show polyps. Thus, spectral slope may allow detection of carcinogenesis at a stage before the development of adenomas.
Fractal Dimension. We observed that fractal dimension was also markedly altered in the uninvolved intestinal mucosa of MIN mice as young as 6 weeks of age. Other groups have shown previously that fractal dimension may be used to detect esophageal carcinogenesis at a dysplastic stage (16) . More recently, our group showed the potential of this variable to identify predysplastic stages of colorectal cancer in the azoxymethane-treated rat model (14) . In both reports, the fractal dimension of neoplastic tissue was increased compared with its control values, thus indicating profound alteration of supramicron architecture of neoplastic mucosa (i.e., large organelle to groups of cells). As discussed in Materials and Methods, the angular distributions of the scattered light DI(u) were used to calculate the fractal dimensions of tissue microarchitecture. As shown in Fig. 3 , fractal dimension was elevated as early as in 6-week-old MIN mice (P < 0.001) and continued to increase over time (ANOVA P < 0.001). We point out that this change in fractal dimension was observed at a time point before the development of adenomas or other conventional biomarkers of colorectal cancer.
Principal Component Analysis. PCA is a standard variable reduction procedure that is commonly employed in biomedical research, including studies related to colorectal cancer biology (19, 20) . The PCA of DI(k) revealed further changes in the light scattering signatures of MIN mice compared with those of agematched WT mice. As shown in Fig. 4 , the principal component 3 was increased in 6-week-old MIN mice and continued to progressively increase for the later time points, thus also following the progression of intestinal neoplasia (P < 10 À14 ).
Diagnostic Ability of Markers. For light scattering markers to be clinically useful, not only do they have to detect early events in neoplasia, but also they have to enable identification of the at-risk group with high positive predictive value and negative predictive value. To determine the performance characteristics of an individual four-dimensional ELF measurement, we calculated the sensitivity, specificity, positive predictive value, and negative predictive value for each individual point in the small intestine using the three spectral markers. As shown in Table 1 , all variables exceeded 90% even for the earliest time points. Moreover, as expected, the accuracy of the light scattering diagnosis further increases with the progression of carcinogenesis. Such high positive predictive value and negative predictive value could not be achieved with any other currently used markers of colorectal cancer. Importantly, ELF enables highly accurate diagnosis of a genetic predisposition to tumorigenesis before the occurrence of the phenotype.
Chemoprevention with Celecoxib. To further validate the neoplastic relevance of the spectral markers in the uninvolved mucosa, we tested whether short-term treatment (1 week) of a chemopreventive agent, cyclooxygenase-2-specific non-steroidal anti-inflammatory drug celecoxib, would normalize the spectral markers in the preneoplastic MIN mouse mucosa. We chose celecoxib for this study because this agent has received regulatory approval for use in patients with FAP (the human equivalent of the MIN mouse). The dosage (1,500 ppm) was selected based on prior reports that this was not only well tolerated but also almost completely suppressed adenoma formation (21) .
The normalization of spectral markers due to the effect of celecoxib is shown in Fig. 5 . Remarkably, principal component 3 obtained from celecoxib-treated animals almost approached one measured from the WT mice. Moreover, in the celecoxibtreated mice, the fractal dimension was also markedly decreased, thereby approaching its control values. Spectral slope was the least responsive microarchitectural variable to celecoxib, failing to achieve statistical significance.
Discussion
We report herein, for the first time, dramatic microarchitectural alterations in the preneoplastic MIN mouse mucosa that preceded development of the phenotype (i.e., adenomas). Furthermore, these changes normalized with short-term treatment of the potent chemopreventive agent celecoxib. Thus, nanoscale structural analysis of the colonocyte represents a powerful means of detecting an inherited colorectal cancer risk and monitoring efficacy of chemopreventive agents. These observations were made possible because of the unprecedented sensitivity of four-dimensional ELF for assessing alterations in tissue microarchitecture. Figure 2 . Analysis of spectral information in the light scattering fingerprints. Spectral slope was obtained from the small intestine of MIN mice at preneoplastic time points. There was a progressive decrease in spectral slope consonant with increasing neoplastic transformation of the uninvolved mucosa that precedes frank adenoma formation. Figure 3 . Analysis of scattering angle-dependent information in the light scattering fingerprints by quantitation of the fractal dimension of the superficial mucosa. Fractal dimension is significantly augmented in the initial stages of carcinogenesis (i.e., 6-week-old mice) and continued to increase at later preneoplastic time points, thus foreshadowing future intestinal neoplasia.
Four-dimensional ELF is a remarkable technological advance in that it can provide quantitative and highly reproducible data regarding structures that are 10 to 20 times smaller than detectable with conventional light microscopy.
Although the utilization of tissue microarchitecture to detect an inherited predisposition to colon carcinogenesis is novel, there are numerous lines of evidence to support its biological plausibility. Here, we review some of the previous findings that support the field effect in the MIN mouse, human familial colon cancer, and sporadic colon carcinogenesis. In the MIN mouse, there is unequivocal evidence that there are marked biochemical and genetic molecular abnormalities even in the histologically normal intestinal mucosa of the MIN mouse. For instance, when the preneoplastic intestinal mucosa of the MIN mouse was compared with age-matched WT mice, there are profound alterations in expression of genes, such as cyclooxygenase-2, CXC cytokine receptor 2, interleukin-8, osteopontin, macrophage colony stimulating factor-1, CD44, proliferating peroxisome-activating receptor c, and proliferating peroxisome-activating receptor d. Importantly, the magnitude of gene expression progressed as the animals aged, approaching values obtained for adenomatous tissue, thus underscoring the neoplastic relevance (9) . From a biochemical point of view, Moran et al. showed recently that, in the uninvolved MIN mouse mucosa, several tyrosine kinases were activated (when compared with age-matched WT mice), including the epidermal growth factor receptor and Src (22) . Both epidermal growth factor receptor and Src have been shown to be increased in MIN mouse tumorigenesis along with human colorectal cancer (23) . From a cellular perspective, these authors have shown that enterocyte migration, proliferation, and apoptosis were markedly altered in the histologically normal mucosa compared with WT mice (24) . Furthermore, these cellular/biochemical changes were reversed by treatment with a chemopreventive agent, mirroring our findings with four-dimensional ELF (25) .
Thus, there are compelling genetic and biochemical underpinnings for our findings of spectral markers alterations in the preneoplastic MIN mouse mucosa. However, for these findings to be clinically translatable, there must be evidence of a field effect in hereditary colon carcinogenesis. Fortunately, there is a wealth of biological data arguing for the field effect in familial colon cancer. For instance, in FAP (the human equivalent of the MIN mouse), there is diffuse colonic mucosal hyperproliferation with concomitant biochemical changes (e.g., increased ornithine decarboxylase; ref. 26) . Similar findings with proliferation (27) have been observed in he other major autosomal dominant colorectal cancer predisposing syndrome, hereditary nonpolyposis colorectal cancer. Additionally, markers, such as lectin immunohistochemistry, have been noted to be abnormal in the uninvolved mucosa of both FAP and hereditary nonpolyposis colorectal cancer patients (28) . In patients without an inherited colorectal cancer predisposition but without a defined syndrome, proliferation in the uninvolved mucosa has been shown to correlate closely with the strength of the family history (29) . Other novel molecular approaches have confirmed these cellular findings. For instance, genetic alterations, such as loss of imprinting of insulin growth factor-II gene, are 5.1-fold more common in subjects with a family history of colorectal neoplasia (30) .
Finally, it needs to be emphasized that the robust nature of the field effect has clear applications for colorectal cancer screening in the average risk population. Clinically, the distal adenomatous polyp is a well-established biomarker of proximal neoplasia. Rectal aberrant crypt foci detected on magnifying endoscopy also correlates with neoplastic lesions in the colon (31) . From a cellular perspective, apoptosis (both basal and bile salt induced; refs. 7, 8) and proliferation (32) rates in the distal colon have been shown to be associated with the presence of colonic neoplasia. Genetically, there is a dramatic up-regulation of several proto-oncogenes in the histologically normal mucosa of patients who harbor colonic neoplasia when compared with those who are neoplasia free (9) . Similarly, there were marked alterations in physiologic variables, such as intracellular calcium concentrations (33) and biochemical alterations, including cytosine DNA-methyltransferase (34) and protein kinase C (13) . Importantly, these cellular (6) and genetic (9) changes in the uninvolved mucosa did not seem to be markedly attenuated by distance form the neoplastic lesion. The power of the field effect is supported by the finding that expression of genes, such as folylpolyglutamate synthase, in the uninvolved mucosa provided prognostic insights in patients with colorectal cancer (35) .
To characterize the microarchitecture of the colon, we employed three previously validated spectral markers: fractal dimension, spectral slope, and PCA. Fractal dimension is a measure of the complexity and space-filling nature of a structure. This variable is well established in the fields of pathology and cancer biology (36) . Indeed, it has been suggested that altered fractal dimension is one of the earliest events in colon carcinogenesis (37) . Whereas fractal dimension assesses tissue organization at the cellular to the large organelle level, spectral slope is affected by much smaller structures (small organelles to macromolecular complexes). As discussed above, a greater spectral slope suggests a shift in the size distribution of intracellular structures toward smaller scales. During neoplastic transformation, we have observed a marked reduction in spectral slope, which we speculate may be secondary to aggregation of smaller intracellular structures to form large complexes. PCA is a standard data reduction technique to identify structure in a complex data set. Thus, these three spectral markers encompass a wide spectrum of tissue organization. 
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In the present study, we were able to accurately identify the animals that harbored germ line APC mutations before adenoma development through analysis of these spectral markers assessed in the histologically normal mucosa. We have shown previously that these markers were able to predict future aberrant crypt foci occurrence in the azoxymethane-treated rat model before aberrant crypt foci occurrence (14) . The relevance to human colon carcinogenesis is supported by our preliminary data that spectral markers from colon biopsies of endoscopically normal areas had remarkable sensitivity in identifying patients who harbored adenomas (38) . In the present studies with the MIN mouse, we focused our attention exclusively at the preneoplastic stage. There was a clear spatial correlation with the occurrence of future neoplasia (small bowel >> colon). Although we did not perform extended longitudinal studies in the MIN mouse, we did note a marked progression in the markers between the two preadenomatous time points assayed (weeks 6 and 7-8). Thus, we anticipate that, as age progresses, there would be more dramatic microarchitectural changes detected in both the small bowel and the colon. This would be consistent with the time-dependent alteration in proto-oncogene expression noted in the uninvolved intestinal mucosa in the MIN mouse (9) .
An unlikely alternative explanation to our findings is that we may actually be detecting dysplastic areas. To mitigate this potential confounding factor, we exclusively focused on pretumorigenic time points. As expected, we did not observe any adenomatous polyps. Using higher magnification, other groups have noted minimal tumor burden at early stages (6.1 mm 2 at week 5), which dramatically progressed over time (83.5 mm 2 at week 15; ref. 39). Thus, although possible that there may have been some contamination of our readings with adenomatous epithelium, this would be a rare event. Importantly, we obtained >20 readings per animal and >90% of the readings in the MIN mice were abnormal, making it quite improbable that the spectral marker alterations was a result of serendipitously detecting microadenomas.
To further show the relevance of these four-dimensional ELF signatures in the uninvolved mucosa to future neoplastic risk, we assessed the ability of short-term treatment with a wellestablished potent chemopreventive agent celecoxib. Here, we show that short-term treatment of celecoxib caused a rapid normalization of two of the three spectral markers assessed. The relevance to tumorigenesis is underscored by the demonstration that this dosage reduced MIN mouse adenomas by f90% (21) . The reasons for the lack of significant modulation of spectral slope by celecoxib either may relate to the short-term (possibly some spectral markers take longer to reverse than others) or may represent the molecular mechanisms involved in chemoprevention (e.g., altered apoptosis versus proliferation). Although we did not compare the performance of spectral versus conventional markers, based on the literature, it seems that these results are markedly superior to what would be expected with classic cellular variables. Indeed, we have shown recently that a spectral marker (fractal dimension) outperformed classic conventional biomarkers (apoptosis and proliferation) in gauging antitumorigenic efficacy in the MIN mouse of antisense oligonucleotides to the transcriptional repressor SNAIL (40) . Thus, we believe spectral markers may much more accurately reflect the chemopreventive efficacy than any heretofore described biomarkers.
In conclusion, we report herein, for the first time, that spectral markers are able to detect an inherited predisposition toward intestinal neoplasia at a time point that preceded phenotypic manifestation (i.e., development of intestinal adenomas). The spatial and temporal progression, along with previous validation in other models, provides compelling evidence for the relevance of these microarchitectural measures to future neoplasia. Moreover, the rapid reversal of these markers with celecoxib suggests that four-dimensional ELF assessment may represent an accurate means of gauging chemopreventive efficacy. Thus, four-dimensional ELF analysis has the potential to become a sensitive and practical means for colorectal cancer risk stratification and chemoprevention. Figure 5 . Response of spectral markers to treatment with the chemopreventive agent, celecoxib. MIN mice (7 weeks old) were treated with celecoxib 1,500 ppm for 1 week and compared with agematched controls (both MIN and WT mice). Fractal dimension and principal component 3 were normalized (changed toward WT values) with celecoxib (A and B, respectively), whereas spectral slope was not significantly altered (C).
